We investigated an out-of-plane resistivity of quasi two-dimensional conductors, (BEDT-TSeF) 2 -FeX 4 (X ¼ Cl, Br) which have an elliptical in-plane Fermi surface. The resistivity under a magnetic field parallel to conducting layers was found to obey a simple formula, zz ðB; Þ ¼ zz ð0Þ
Introduction
In conductors with layered structures, such as high T ccuprates and organic conductors, the mechanism of electrical transport phenomena under magnetic fields has been one of important issues of investigations because magnetoresistance provides rich information on characters of the electron system. Data of magnetoresistance are inevitable in discussing the transport phenomena in quasi one-or two-dimensional (2D) metals. Especially, the resistance measured as a function of the magnetic field direction (the angular dependent magnetoresistance [1] [2] [3] [4] ) plays an important role in obtaining information on Fermi surfaces. For example, angular dependent magnetoresistance oscillations (AMRO) enables a direct mapping of an in-plane Fermi surface. 5) In analyzing the angular dependent magnetoresistance, we sometimes emphasize the importance of topological features such as the periodicity of oscillations or the positions of peaks, and ignore quantitative features of the phenomena. However, important information is expected to be obtained by examining the phenomena quantitatively. For example, a background signal of AMRO, usually disregarded, was recently found to contain information on the mechanism of the interlayer transfer of carriers. It is discussed in terms of a coherent or incoherent interlayer tunneling of electrons. 6) If the tunneling is incoherent, the background signal for a magnetic field along a direction in 2D plane is smaller than that in the field normal to 2D plane. In a coherent system, the amplitude of the signal is reverse.
In a previous paper, 7) we quantitatively examined the out-of-plane resistance of an organic conductor, (BEDT-TTF) 3 Cl(DFBIB) in a magnetic field that is applied in a direction parallel to the conducting plane. This material is a quasi 2D metal with a nearly isotropic in-plane Fermi surface. 5) For such a system, the out-of-plane resistivity is given as a following simple formula, 7) zz ðBÞ ¼ zz ð0Þ
where zz ðBÞ is the resistivity under the magnetic field B, zz ð0Þ is a zero field resistivity, k F is an in-plane Fermi wave number, c z is an out-of-plane lattice constant, ! B is a cyclotron frequency, and is a relaxation time. This formula was first derived by Schofield and Cooper. 8) Equation (1.1) allows us to discuss how the magnetoresistance depends on the magnetic field quantitatively as well as qualitatively. Since eq. (1.1) is expressed by material parameters, it is also useful to estimate their values. Actually, in the paper, 7) we could determine the interlayer transfer integral and the scattering time of carriers. As stated above, eq. (1.1) is applicable to conductors with isotropic conducting layers. But, quasi 2D metals have more or less anisotropic Fermi surfaces. The purpose of this study is, then, to extend the investigation of the magnetoresistance to conductors with anisotropic electron systems. In this work, we examined quasi 2D metals with elliptical Fermi surfaces. Among anisotropic Fermi surfaces, elliptical ones are the simplest. Moreover, many organic conductors have this type of Fermi surface. This paper is organized as follows: In the next section, a formula expressing the magnetoresistance is derived. In §3, experimental results are shown and explained in terms of the formula. In §4, we discuss an application of the formula to a fermiology and a determination of some material constants. Finally, this study is summarized in §5.
Derivation of an Analytical Formula
Now, we derive a formula expressing an out-of-plane resistivity when a quasi 2D metal with an elliptical Fermi surface is placed in in-plane magnetic fields. This formula was first proposed by Kovalev et al. 9) in a form applicable both for ac and dc electric fields. In this section, we trace the process of their calculation. The discussion is limited to the dc resistance. We consider a planar crystal with in-plane x-and y-axes and an out-of-plane z-axis perpendicular to each other. The electron energy dispersion is assumed to be approximated by the equation:
where k x , k y , and k z are wave numbers in a reciprocal space, m x and m y are effective masses along the x-and y-directions, t z is a transfer energy along the z-direction, c z is a lattice constant along the z-direction, and E F is the Fermi energy. We assume m x < m y and t z ( E F . Equation (2.1) expresses an anisotropic planar metal with a weak coupling in the z-direction. An in-plane anisotropy is taken into consideration through different effective masses between the xand y-directions. Let a magnetic field be applied in an in-plane direction at an angle from the x-axis. It is expressed as B ¼ ðB cos ; B sin ; 0Þ (see Fig. 1 ). Then, an electron motion in the k-space is obtained by solving
The integration in eq. (2.3) is performed over electron trajectories thus determined. Since v z is very small, most of the trajectories are straight lines along the k z -direction with very small undulations. Since an amplitude of the undulation is proportional to t z , this effect gives only a small perturbing contribution to the conductivity except for a strong magnetic field region. Therefore, if we restrict the calculation of the conductitvity to the lowest order of t z , we can take 
. Using polar coordinates ðk; Þ on the in-plane Fermi surface, .3), and performing the k z ð0Þ-integration in the first Brillouin zone from 0 to 2=c z , we obtain
ð2:9Þ
Integrating over , we obtain an analytical expression for the out-of-plane conductivity of the quasi 2D metal under the inplane magnetic field as Note that we restricted the calculation to the lowest order of t z and ignored higher order terms of t z . Therefore, eq. (2.14) loses its validity in the high field limit where a warping of the trajectories in the k z -direction plays a dominant role. The validity is also lost in the anisotropic limit m x ( m y where the in-plane Fermi surface is open to the y-direction (a quasi one-dimensional case). In such a case, we obtain another formula.
11)

Experimental Results and Discussions
In this section, we present experimental results and discuss how they are explained by eq. (2.14). Experiments were performed on two organic conductors (BEDTTSeF) 2 FeX 4 (X ¼ Br, Cl). 12) These crystals belong to the orthorhombic system Pnma. According to a band calculation, an in-plane Fermi surface is an ellipse with an area of 100% of the first Brillouin zone. Having a large area, the Fermi surface crosses the Brillouin zone boundary, as shown in Fig. 1 . However, the energy gap does not open at the zone boundary owing to the a-glide crystal symmetry. 12) They are quasi 2D metals. The anisotropy of the conductivity in a conducting layer is small. On the other hand, the out-ofplane conductivity is smaller than the in-plane conductivity by about three orders of magnitude. The cyclotron effective mass is estimated by Shubinikov-de Haas oscillations. 13, 14) Due probably to a strong electron correlation, they are heavy; m c ¼ 7:9m e for Br salt [(BEDT-TSeF) 2 FeBr 4 ] and 5:3m e for Cl salt [(BEDT-TSeF) 2 FeCl 4 ] where m e is a free electron mass.
It should be noted that in these crystals, each FeX 4 molecule has a localized spin. This spin system shows Curie paramagnetism at high temperatures and changes to an antiferromagnet below T N ¼ 2:5 K (Br salt) and 0.45 K (Cl salt). 15) Due to the spins, they exhibit interesting phenomena such as the magnetic field induced superconductivity. 16) This phenomenon suggests the existence of a magnetic interaction between BEDT-TSeF molecules and FeX 4 molecules. Therefore, we should consider the effect of the spins on a transport phenomena. This problem will be discussed afterward in connection with experimental results.
We used rectangular parallelpiped single crystals with typical dimensions of 0:75 Â 0:5 Â 0:07 mm 3 grown by an electrochemical method.
First, we examined the temperature dependence of the out-of-plane resistance in the absence of magnetic fields. As shown in Fig. 2 , the out-of-plane resistivity for the Cl salt monotonically decreases by about three orders of magnitude when it is cooled from 300 to 1.5 K. On the other hand, the temperature dependence of the resistivity for Br salt is not so simple. It increases by about one order of magnitude from 300 to 50 K. This rise of the resistivity is interpreted in terms of the strong electron correlation. Making a peak at 50 K, it drops by about four orders of magnitude from 50 to 1.5 K. A drop of the resistivity by about 15% occurs at 2.5 K where the spin system undergoes antiferromagnetic phase transition. This drop of the resistivity is ascribed to a reduction of an electron scattering by a randomness of magnetic moments on FeBr 4 layers. Magnetoresistance measurements were made on these two materials. We performed two sets of experiments. In the first experiment, the field dependence of the out-of-plane resistivity was measured for the in-plane magnetic field with a fixed orientation. The results for the Cl salt are shown in the left side of Fig. 3 . At low temperatures (for example at 1.5 K), and at low fields, zz is a quadratic function of B. With increasing field, it gradually changes to a linear function of B. As the temperature increases, the curve becomes quadratic in all field region. Using eq. (2.14), these results can be understood as follows: When the magnetic field is low or the temperature is high, In the figure on the right hand side of Fig. 3,   2 zz ðBÞ is plotted for B 2 . In this figure, all curves are straight lines over the whole region of B 2 . Furthermore, the slope of the line is independent of the temperature as seen in Fig. 4 . In the temperature range between 25 and 1.5 K, the slope changes by a factor of 1.1, whereas the y-intercept of the line decreases by almost two orders of magnitude. These features are also explained by eq. (2.14). Taking the square of both sides of eq. (2.14), we have 
includes , the y-intercept is strongly dependent on the temperature. On the other hand, is not contained in 2 , therefore the slope is independent of the temperature. In this way, the out-of-plane resistivity under the in-plane magnetic field with a fixed orientation is perfectly understood by eq. (2.14). The same results are obtained for the Br salt.
In the second experiment, we examined how the out-ofplane resistivity changes when the field is rotated in the conducting plane.
The field dependence of the out-of-plane resistivity was measured for several field orientations at 4.2 K. Results for from 0 to 90 are shown in Fig. 5 . Figure 6 is 2 zz versus B 2 -plot of the same data. In this figure, curves are straight lines with different slopes as predicted by eq. (3.1). We confirmed that the slope is independent of the temperature for all . These observations ascertain the validity of eq. (3.1). Thus, experimental results are explained by eq. (2.14).
Strictly speaking, curves in Fig. 6 are not complete straight lines. Their slopes have a weak magnetic field dependence. Equation (2.14) cannot explain this phenomenon. It is probably due to the warping of the electron trajectories in the k z -direction. We ignored this effect in deriving the trajectory of the carriers in the k-space. As the magnetic field increases, higher order terms of t z may contribute to the magnetoresistance and cause the deviation from eq. (3.1).
Since eq. (2.14) is analytically expressed by material parameters, it can be used to estimate those parameters. In particular, it is important that eq. (2.14) includes information on Fermi surface. In the next section, we discuss an application of eq. (2.14) to a fermiology. 
Application to a Fermiology
In this section, we propose a new method to reconstruct Fermi surface using the experimental data we presented in the previous section. The results are compared with calculated Fermi surface. This method applies to electron systems with the energy dispersion given by eq. (2.1).
According to a band calculation, the Fermi surfaces of this material consist of two types of surfaces as shown in Fig. 1 . One of them is a 2D surface denoted by in Fig. 1 , and the other is a pair of one-dimensional surface open to the k ydirection ( 0 ). These two surfaces are not separated but touch at two points on the Brillouin zone boundary, where no energy gap open as mentioned in §3. Therefore, electrons can travel on a small surface denoted as as well as on a large elliptical surface. Up to now, information on the Fermi surface was obtained by AMRO 17) and Shubnikovde Haas oscillation. 13) In AMRO and Shubnikov-de Haas oscillation, signals due to electrons circulating on the Fermi surface are detected. Therefore, experimental results depends on which surface they travel. In the present phenomena, on the other hand, the dominant contribution to the conductance in high magnetic fields is due to carriers in a narrow region around a point on the Fermi surface where the tangent to the surface is perpendicular to the magnetic field. If several Fermi surfaces coexist, the total conductance is sum of the conductance of carriers on each Fermi surface. Therefore, we can expect that what we detect in our experiment is the large Fermi surface with an area 100% of the Brilluion zone. As we emphasized in the previous section, the analytically expressed magnetoresistance eq. (2.14) allows us to map the Fermi surface. From the experimental data, we obtain two quantities
. In mapping the Fermi surface, is important because it includes k F? ðÞ. The parameter k F? ðÞ is a Fermi wave number along the direction perpendicular to the magnetic field (refer to Fig. 1) . Since other quantities appearing in the expression of are independent of , k F? is expressed as k F? ¼ D À1 . Therefore, if the parameter D is known, we can draw the Fermi surface using data of dependence of . Unfortunately, we cannot estimate D, because it includes unknown parameter E F . Instead, we chose D so that the area of the resultant Fermi surface is 100% of the first Brillouin zone.
In drawing the Fermi surface, we use the slope of 2 zz -B 2 curves in Fig. 6 . But, in this method, we get only a limited number of data points. For example, experiments in Fig. 6 were done for every 10 from ¼ 0 to 90 . Thus, data points are only 10. In order to increase the data points, we adopted a different method. In this method, we measure the resistivity under the magnetic field as a function of . Then we determine ðÞ by using the relation ðÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
p =B. Here, we assumed that 2 zz -B 2 curves are straight lines for any . This method allows us to get k F? ðÞ with small interval of . Figure 7 shows dependences of zz for some fixed magnetic field strength. A mapping of the Fermi surface was done using these data. Results are shown in Fig. 8 . The reproducibility of the Fermi surface was checked on several samples. It was quite good. Three curves determined using data of experiments performed in different magnetic fields are plotted together with the calculated Fermi surface. For the Br salt, the Fermi surface given by the band calculation well reproduces the experimental results. On the other hand, the Fermi surface of Cl salt determined experimentally is an ellipse thinner than the calculated Fermi surface. In Fig. 8 , the Fermi surface determined by AMRO is also shown for the Br salt. The agreement between our result and the result of AMRO is fairly well. We thus conclude that our method can be used as a convenient method to map the Fermi surface. Usually, experiments at low temperatures and high magnetic fields are required to obtain information on the Fermi surface. However, in our method, we do not need such a severe condition.
In our method, we can draw the Fermi surface if can be estimated with a sufficient accuracy. In fact, we could estimate in Fig. 3 at 25 K below 7 T where ! B ( 1. Therefore, the mapping of the Fermi surface can be performed in high temperature and low field regions or even in dirty systems in which AMRO and quantum oscillations can not be observed.
Here, we discuss anomalous structures on zz -curves in Fig. 7 (indicated by arrows) that become clear as the magnetic field increases. They appear as structures on the Fermi surfaces in Fig. 8 . One of them is a shallow dip around the short axis. The other one locates at a position where the Fermi surface crosses the Brriluion zone. A possible origin of the latter anomaly is a complicated band dispersion around the points where the Fermi surface crosses the Brillouin zone.
In addition to the information on the Fermi surface, the out-of-plane magnetoresistance also gives us information on two material parameters; the out-of-plane transfer energy t z and the relaxation time . These parameters are important to discuss the transport phenomena especially in judging whether the interlayer transfer of carriers is coherent or incoherent. The parameter t z is included in the formula expressing . Substituting the values of m c , k Fa , t z , c z ¼ b=2, where b is the lattice constant along the b-crystal axis and replacing zz ð0Þ with the experimental value, we obtain ð4:2 KÞ ¼ 3:02 ps for the Cl salt and 3.05 ps for the Br salt. In this work, we assumed that the out-of-plane transport of present samples is coherent. It, however, should be checked in experiments. A criterion is given by a ratio of scattering life time to the out-of-plane transfer time that is given as h =t z . If ( h =t z , the transport should be considered to be incoherent. In the present system, is comparable with the out-of-plane transfer time h =t z ¼ 2:11 ps for the Cl salt and 2.86 ps for the Br salt. From these results, therefore, we can not determine whether the out-of-plane transport is coherent or incoherent. But, since the experimental results obey eq. (2.14), these systems are expected to be in the coherent region and have a three dimensional Fermi surface.
Lastly, we mention the effect of the electron correlation. As mentioned in §3, the correlation of electrons in the Br salt is expected to be stronger than that in the Cl salt. Nevertheless, we could not observe any significant differences in the magnetoresistance between them. This result suggests that eq. (2.14) is valid in systems with the strong electron correlation. It is reasonable because as far as the Fermi liquid picture is valid, the correlation effect does not appear directly.
Summary
We propose a new method of a mapping of an in-plane Fermi surface in quasi 2D metals. We investigated an outof-plane magnetoresistance under in-plane magnetic fields on quasi 2D organic conductors having an elliptical inplane Fermi surface, (BEDT-TSeF) 2 FeX 4 (X ¼ Cl, Br). An analytical formula of the magnetoresistance derived in a frame work of a semiclassical transport theory was adopted to analyze the experimental results. In this theory, the resistivity is expressed as zz ðB; Þ ¼ zz ð0Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 þ ððÞB= zz ð0ÞÞ 2 p . This formula was found to explain the experimental results fairly Fig. 8 for some magnetic fields using the formula eq. (2.14). The top figure for the Cl salt and the bottom figure for the Br salt. Fermi surface given by a band calculation is also shown. Fermi surface detemined by AMRO is also shown for the Br salt.
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well. Then, we applied the formula to expermiental studies of Fermi surface. According to the theory, the parameter depends on a Fermi radius perpendicular to the field direction as ðÞ / k À1 F? ðÞ. Therefore, we can experimentally determine the Fermi radius along arbitrary directions by measuring dependence of . Using this method, we mapped the in-plane Fermi surface. The reconstructed Fermi surface were compared with band calculations or AMRO's results. The agreement was good.
This method can be used as a convenient method to determine Fermi surface. It will be applicable to dirty electron systems or other systems where AMRO's signal or SdH oscillations cannot be observed.
